• PURPOSE: To evaluate and treat infant retina through the use of a hand-held spectral-domain optical coherence tomography (SD OCT) device in selected cases of Shaken Baby syndrome (SBS).
• PURPOSE: To evaluate and treat infant retina through the use of a hand-held spectral-domain optical coherence tomography (SD OCT) device in selected cases of Shaken Baby syndrome (SBS).
• DESIGN: Observational case series.
• METHODS: A novel SD OCT system was optimized and evaluated for infant imaging. An adult eye was imaged with both a standard clinical SD OCT system and the hand-held system. Four eyes of two infants with a history of SBS were imaged with the hand-held system. One infant was imaged again during follow-up examinations. Robust image processing algorithms were developed to create high-quality images. Images were assessed for usefulness in demonstrating pertinent morphologic features.
• RESULTS: The novel SD OCT unit proved effective for data acquisition and comparable with conventional chinrest SD OCT. Rapid data acquisition limited motion artifact within the B-scan, although there was slight motion between B scans. The SD OCT images provided previously unseen details with regard to the morphologic features of retinal lesions in these infant eyes. This information influenced prognosis and management.
• CONCLUSIONS: As with adults, the hand-held customized SD OCT proved to be an invaluable tool in the differentiation of disease processes or injury in these eyes under study. SD OCT imaging systems may be considered a useful adjunct to RetCam 1 OCT provides in vivo information about retinal morphologic features in a rapid, noninvasive, and noncontact manner. Thus, it is an ideal tool for characterization of retinal pathologic features in children. Shields and associates performed time-domain (TD) OCT on a series of 56 eyes of 56 children younger than 18 years (range, four to seven years). 2 They found that OCT was well-tolerated in children and was more sensitive than clinical examination in detection of macular pathologic features such as posterior vitreous detachment, surface wrinkling maculopathy, cystoid and noncystoid macular edema, subfoveal fluid, and retinal thinning. TD OCT also has been performed in anesthetized infants with advanced retinopathy of prematurity. It has been useful in demonstrating posterior hyaloid contracture 3 and macular anatomic abnormalities that may influence surgical planning and may predict visual outcomes after lens-sparing vitrectomy. 4, 5 In 2002, we attempted to use a conventional TD OCT suspended on a surgical arm while examining infants under anesthesia, but we failed to achieve the stable platform necessary for reproducible examinations.
Recently, spectral-domain (SD) OCT has provided higher-resolution images (less than 5-m axial resolution) with rapid image acquisition useful for both 2-dimensional (2D) and 3-dimensional (3D) imaging. Because data acquisition is more than 40 times faster with SD OCT than with TD OCT, one can image across larger areas of the retina or scan smaller areas at much greater density. 6 -9 SD OCT has been used to document spontaneous closure of idiopathic macular holes in adult patients and also has been used to document an optic nerve pit with a macular schisis-like cavity in an adult patient. 8, 9 We hypothesized that a portable, hand-held SD OCT system accompanied by novel image processing algorithms could be used to image and evaluate effectively the extent of retinal pathologic features in infants with Shaken Baby syndrome (SBS). We also investigated whether the system would be stable enough for lesion localization.
METHODS

AFTER INFORMED CONSENT WAS OBTAINED, THE STUDY
was performed in one adult and two pediatric subjects. The adult subject was imaged while sitting upright using conventional TD OCT (Zeiss Meditec Inc, Dublin, California, USA) and the term hand-held refers to the SD OCT system that contains both a moveable imaging hand piece that is connected via a 1.3-m flexible fiberoptic cable to a moveable cart holding the SD OCT system and viewing screen. The hand-held OCT scanning head operates while positioned at any angle and thus is useful for scanning in the supine patient. The pediatric subjects were supine while imaged with the hand-held SD OCT system ( Figure 1 ). While imaging, the operator could use either an armature to stabilize the hand, as shown in Figure 1 , or simply could stabilize the hand by resting several fingers on the subject's forehead. The latter is preferred by this group because of the ease of movement to adjust the scan angle. The SD OCT system operated at the same specifications when used for table-based imaging or handheld imaging. For pediatric SD OCT imaging, the system was optimized by manually adjusting the focal length of the imaging hand piece for the refractive error of the eye. The final focus adjustment was made on the hand piece while observing for optimal brightness of the SD OCT scans in real-time. The reference arm was shortened to correct for the coarse estimate of decrease in axial length of the pediatric eye. The reference arm length was refined by adjusting the reference arm to minimize visible iris shadowing on the SD OCT scans in real-time while the hand piece was adjusted horizontally.
To achieve high-resolution low-noise images, we used two SD OCT imaging schemes, namely volumetric and lateral-repeated scanning techniques (Figure 2 ). In volumetric scanning, sequences are captured as progressively azimuthally translated B scans, creating a 3D representation of the retinal layers (Figure 2 , Top). Note that by axially projecting such 3D volumetric scans (averaging each A-scan), a 2D image analogous to a fundus image can be created. This image, called the sum voxel projection (SVP), is especially useful for scan orientation and localization of retinal structures or pathologic features (Figure 2 , Top). 10, 11 Moreover, the retinal vessel pattern manifested on the SVP is a good measure for evaluating the 3D imaging quality. For example, motion artifacts in a volumetric imaging experiment often will result in broken or jagged blood vessel representation on the SVP.
Although volumetric scanning provides invaluable 3D geometric information about preretinal, intraretinal, and subretinal structures, each individual B-scan is relatively very noisy. Alternative to the volumetric imaging scheme, it is possible to capture a sequence of repeated B scans from a unique azimuthal position (lateral repeated scan). In a postprocessing step, these images are registered and summed (fused), creating a unique, less noisy image ( Figure  2 , Middle). We determined the location of such B scans approximately with respect to the SVP of a corresponding volumetric scan by identifying a match between the lateral repeated B scans and the closest corresponding scan from within the volume.
In our experiments, we performed an SD OCT volumetric scan of a 10 ϫ 10-mm retinal area of each eye in fewer than 6 seconds. This produced 100 B scans (1000 A scans each) with oversampling along the lateral axis and 80-m spacing between B scans. Moreover, several sets of lateral repeated scans at different azimuthal positions were captured in the same field of view and lateral and axial resolutions as the volumetric scans.
For hand-held imaging, robust image processing algorithms were used to visualize better the 3D scans and to fuse the information from repeated scans, creating higherquality images. The quality of the SVP images was enhanced by applying two adaptive image processing algorithms. First, the raw SD OCT images were denoised using an iterative maximum a posteriori-based algorithm, exploiting L2 norm penalty and a variation of the Tikhonov prior as the likelihood and regularization terms, respectively. 12 In this article, we refer to these individually denoised images as enhanced B scans. Then, the contrast of the SVP image was enhanced by comparing and normalizing the intensity of each projected B-scan (horizontal lines on the SVP) with respect to the global intensity of the SVP. In this fashion, the erroneously dark or bright outlier frames are adjusted with respect to the intensity of their neighboring projected B scans. 13 To create summed images from the lateral repeated scans, large motions were corrected using the ImageJ (freeware; National Institutes of Health, Bethesda, Maryland, USA) StackReg registration plug-in.
14 Then, these warped images were registered with subpixel accuracy using a previously described method 15 and were fused using the second-order classic kernel regression algorithm. 
16
RESULTS
• ADULT IMAGING: The pilot testing of the hand-held SD OCT system was performed in an adult subject who had a full-thickness macular hole in one eye. Imaging was performed with the examiner seated beside the patient and with the subject positioned supine on a stretcher. Images from the hand-held SD OCT system were compared with images captured with a conventional TD and tabletop SD OCT (Figure 3 ). The hand-held SD OCT system was portable on a wheeled cart. The hand-held probe was aligned over the eye with relative ease. Images were acquired quickly and were of excellent quality, although there was greater anteroposterior shift in image location from frame to frame with the hand-held system when compared with the chin-rest tabletop system. Images of the full-thickness macular hole using the hand-held SD OCT were similar in quality as compared with images obtained with the table-based SD OCT system. SD OCT images of the retina clearly were of improved quality compared with traditional TD OCT of this eye (Figure 3 ).
• PEDIATRIC IMAGING: Case 1. A 14-month-old female infant was evaluated for ocular sequelae of SBS. Eight months before this examination, in an emergency room visit, the infant was found to have subdural hemorrhage on magnetic resonance scan, left radial and right humeral fractures on skeletal survey, and bilateral vitreous and subhyaloid hemorrhages. The vitreous and subhyaloid hemorrhages had resolved in both eyes over the preceding eight months; however, the child had continued decreased vision in her right eye. She demonstrated a preference for the left eye, and visual acuity (VA) by Teller acuity measured 0.31 cycles per degree in the right eye and 6.4 cycles per degree in the left eye. A macular lesion in the right eye was noted in the clinic and was evaluated during an examination under anesthesia (EUA). Examination with indirect ophthalmoscopy of the right eye demonstrated perimacular folds in a defined ring around the macula and a hyperpigmented foveal lesion that appeared to be at the level of the RPE (Figure 4 , Top left). The differential diagnosis for this lesion included full-thickness macular hole, scar from previous subfoveal hemorrhage, foveal cyst, and epiretinal membrane (ERM) with pseudohole. Fundus examination of the left eye showed a subtle increase in macular pigmentation and preretinal gliosis at an arcuate perimacular retinal fold superior and temporal to the macula ( Figure 5 , Top left). There was no retinal tear or retinal detachment observed in either eye.
Hand-held SD OCT images of the right eye showed a highly reflective stalk (of probable chorioretinal fibrotic tissue) centered within a full-thickness chronic macular hole (Figure 4 ). Hand-held SD OCT images of the left eye demonstrated a lamellar hole and partial separation of the posterior hyaloid ( Figure 5 ). There was no evidence of vitreomacular traction, cystoid macular edema, or retinal elevation. Because of the chronic nature of the macular hole and the guarded visual prognosis, no surgical intervention was pursued.
Case 2. A 6-month-old male infant was evaluated for ocular sequelae of SBS. During an emergency room visit one month earlier, the infant was found to have bilateral (Figure 7) . A thick ERM was removed surgically, but one month later, the deeper layer of membrane remained with persisting visible foveal deformation evident by SD OCT imaging performed during a follow-up EUA (Figure 8 ). At that time, a second vitrectomy was performed with removal of the second layer of membrane. SD OCT imaging ( Figure 9 ) was obtained four months later, at the time of electroencephalography diagnostic study under chloral hydrate. The SD OCT system was taken to the electroencephalography suite. The macula had returned to a more normal contour and there was no cystoid edema. At that time, Teller acuity card VA improved to 1.6 cycles per degree with the right eye, 2.4 cycles per degree with the left eye, and 3.1 cycles per degree with both eyes. 
DISCUSSION
OPTICAL COHERENCE TOMOGRAPHY IS A ROUTINE DIAGnostic imaging method for the evaluation of vitreoretinal disease and injury in the adult or cooperative pediatric patient. Anatomic abnormalities not readily apparent on ophthalmoscopy may be imaged with OCT, and the OCT may guide surgical planning or predict visual outcomes. Ultra-high-resolution images of retinal architecture obtained with SD OCT have been shown to detect retinal pathologic features at a higher frequency than other OCT systems. 17 Despite the potential benefit of OCT imaging of the infant retina to evaluate disease processes and injury, until now, it has been difficult to accomplish this with a tabletop chin-rest system. In this study, imaging of the macula with a hand-held SD OCT probe produced images comparable with those of conventional clinic tabletop SD OCT scanning. Important macular pathologic features were captured during examination of the supine infant (under anesthesia) and adult without special requirement for head or body positioning.
In one infant evaluated for sequelae of SBS, SD OCT aided in the diagnosis of chronic full-thickness macular hole with full-thickness retinal scarring. Findings obtained by SD OCT imaging helped to explain the unilateral vision loss in this infant. Early evaluation with SD OCT imaging may be useful in future patients to identify treatable pathologic features associated with shaken baby trauma.
Macular hole formation has been described in infants with SBS. 18 One postulated mechanism of full-thickness macular hole formation in this scenario is that the mechanical forces of shaking lead to a structurally weakened retina. Retinal hemorrhage may result in retinal necrosis 19 and also may cause mechanical pressure on an already weakened retina leading to full-thickness hole formation. 18 Ou and associates reported a series of five eyes with macular hole formation as a result of SBS. 18 In this series, the diagnosis of macular hole was made on initial funduscopic examination results in two patients, during vitrectomy in two patients, and on follow-up funduscopic examination after clearing of vitreous hemorrhage in the final patient. OCT was not used in this study to document or observe the macular holes and may have been useful in guiding surgical planning and predicting visual outcomes. 5 The presence of macular hole in the setting of SBS is a poor prognostic finding. 18 Although surgical repair may lead to anatomic success, VA usually remains decreased. 18 In another infant with intraretinal hemorrhage resulting from shaking trauma but without a history of vitreous or large premacular hemorrhage, a double layer of ERM was visible on SD OCT. The persistence of a second translucent membrane at the time of surgery emphasizes the importance of review and analysis of SD OCT before surgery and the potential benefit of reimaging during surgery to reassess the status of macular pathologic features before closure. With SD OCT, one can appreciate readily the persisting second reflective preretinal layer that was most likely a partially detached internal limiting membrane [ILM] (with or without mild cellular proliferation) with associated foveal deformation at the site of persisting attachment. With SD OCT, one also can appreciate the return to a more normal foveal contour after the second surgery. Although ERM formation as a result of SBS has been described previously, 20 a double layer of ERM has not been reported in this condition.
Epiretinal membrane has been described as a late manifestation of SBS. 20, 21 One proposed pathophysiologic mechanism of epiretinal formation in this scenario involves acceleration and deceleration forces from shaking of the infant head resulting in trauma to the retinal vessels at sites of firm vitreoretinal attachment such as the interface between the vitreous and ILM in the macular region. The proliferation of glial cells is stimulated by blood in the superficial retinal layers below the ILM. 19 Breaks in the ILM then permit proliferation of glial cells along the surface of the ILM, forming an ERM that may distort the macular architecture. 19, 22 ERM formation also has been described in Terson syndrome, in which long-standing subhyaloid hemorrhage is postulated to provide a scaffold for glial cell proliferation and ERM formation. 23 García-Arumí and associates observed a double layer of ERM in six of 11 eyes of patients with Terson syndrome, confirmed by pathologic study: an outer membrane on the posterior vitreous face and an inner ERM overlying the macula, firmly adherent to the ILM. 23 In this case, a double layer ERM developed without a preceding large subhyaloid hemorrhage, although patchy subhyaloid blood could not be ruled out.
In addition to macular hole and ERM, perimacular retinal folds and traumatic retinoschisis are among the pathologic findings that have been described as a result of pediatric shaking injury. 24 -28 There is debate in the literature as to whether perimacular folds are diagnostic of retinal shaking injury and as to the causal mechanism of these folds. 25, 29 Perimacular folds have been associated with increased morbidity and mortality in children with head injuries caused by abuse. 25, 30 In two eyes, we found perimacular retinal folds, and in one eye, this was associated with posterior vitreous separation and attachment at the site of the white fold. In this case, the SD OCT image did not show a retinal fold, but documented the change in posterior hyaloid attachment at the site of arcuate white reflectivity. Imaging of perimacular arcuate pale reflexes by SD OCT may provide additional insight into whether these lesions are folds or vitreoretinal attachment sites; this may be useful in future evaluation of the perimacular area in eyes of shaken infants. Traumatic retinoschisis has been described by Greenwald and associates as splitting that occurs within the retinal layers as a result of shaking trauma. 27 The authors describe, in five babies, macular "intraretinal blood-filled cavities, within which the red blood cells had partially layered out inferiorly." In these eyes, late findings included "extensive gliosis of the retina." Based on the authors' description, it can be argued that these macular lesions may have been subhyaloid hemorrhages, instead of true schisis cavities. The late finding of retinal gliosis likely was ERM resulting from the proliferation of glial cells along the ILM. The conclusion of this study, is that an actual schisis INFANT RETINA IMAGING BY HAND-HELD SD OCT VOL. 147, NO. 2 cavity can develop in the infant macula as a result of shaking injury, would have been strengthened had SD OCT been available to document the splitting between retinal layers.
Much of the information concerning pathologic retinal findings described in SBS has come from postmortem autopsy pathologic examinations. [23] [24] [25] 31 Imaging eyes with SBS with SD OCT would allow the clinician to document retinal abnormalities such as traumatic macular hole, ERM, perimacular folds, and traumatic retinoschisis to provide in vivo information about vitreoretinal abnormalities in these eyes that then may be correlated with the clinical examination results and fundus findings to guide surgical planning and to determine the ultimate prognosis. In this study, we demonstrated imaging of the macula and posterior pole beyond the arcades with the hand-held SD OCT system. Although we did not assess peripheral imaging in this early investigation, we are pursuing this potential application in a study of retinopathy of prematurity.
In conclusion, hand-held SD OCT is a safe, noninvasive, and effective method of obtaining in vivo highresolution information regarding retinal morphologic features, providing a comprehensive macular examination for children during EUA or in conjunction with an examination under sedation. The technique can be used on a sleeping infant, although this is much more challenging than examining the anesthetized child. SD OCT allows the clinician to diagnose and document retinal pathologic features such as a chronic macular hole and ERM many months after the initial trauma and long after retinal hemorrhages have resolved. Documentation of these findings in an infant's eye without any other causative explanation may raise the suspicion of prior shaking injury and may have medicolegal implications. Therefore, SD OCT imaging systems should be considered a useful adjunct to RetCam fundus photography (Clarity Medical Systems Inc, Pleasanton, California, USA) to aid in diagnosis and management in cases of suspected SBS.
